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We studied the effect of dopants (Al, Ti, Zr) on the thermal stability of iron nitride thin films
prepared using a dc magnetron sputtering technique. Structure and magnetic characterization of
deposited samples reveal that the thermal stability together with soft magnetic properties of iron
nitride thin films get significantly improved with doping. To understand the observed results,
detailed Fe and N self-diffusion measurements were performed. It was observed that N self-diffusion
gets suppressed with Al doping whereas Ti or Zr doping results in somewhat faster N diffusion. On
the other hand Fe self-diffusion seems to get suppressed with any dopant of which heat of nitride
formation is significantly smaller than that of iron nitride. Importantly, it was observed that N self-
diffusion plays only a trivial role, as compared to Fe self-diffusion, in affecting the thermal stability
of iron nitride thin films. Based on the obtained results effect of dopants on self-diffusion process is
discussed.
I. INTRODUCTION
Iron nitride (Fe-N) compounds exist in a variety of
phases having distinct crystal structure and magnetic
properties.1 These compounds have gained a special
attention for their numerous technological applications
such as in tribological coatings, magnetic memory de-
vices, high frequency read write heads etc.2–10 Differ-
ent Fe-N phases can be formed by varying the nitro-
gen concentration in Fe.11 When N concentration is
less than 25at.%, Fe-N compounds are ferromagnetic
and their Curie temperature is above room temperature.
Strikingly, within the composition range 0<N≤11at.%,
Fe-N compounds posses interesting magnetic proper-
ties and major phases formed are α-Fe, Fe8N and
α′′−Fe16N2.12,13 In this composition range, N atoms get
mainly occupied at random-interstitial sites within the
bcc Fe lattice. This creates some distortion in the lattice
and results in nanocrystallization, which improves soft-
magnetic properties and favors magnetic anisotropy.14–17
Around the saturation concentration i.e. ∼11at.% in-
stead of random occupancy, N atoms get perfectly or-
dered to form α′′−Fe16N2 phase having bct structure.18
At around 20at.% of N γ′-Fe4N phase is formed hav-
ing fcc structure. These Fe-N phases have tremen-
dous applications due to their ingenious magnetic prop-
erties.2–4,9,10,19,20 However, weak Fe and N bonding re-
sults in poor thermal stability of Fe-N compounds.21–25 It
causes a severe limitation for Fe-N compounds to succeed
as a potential candidate for device applications.
Recently, it was shown that doping of a third element,
say X (e.g. Al, Ti, Zr, Ta, etc.) results in superior ther-
mal stability of Fe-N thin films.15,25–44 These dopants
either gets dissolved substitutionally into the Fe lattice
or form a solid solution with Fe, which also creates some
lattice distortion. Importantly, the qualifying thermody-
namical variables that are required to enhance the ther-
mal stability are high affinity (f) and low heat of for-
mation (∆H) of X-N as compared to Fe-N. It has been
established in the literature that high X-N bonding may
suppress N diffusion to enhance the thermal stability of
resultant Fe-X-N thin films.45 Although, no direct diffu-
sion measurements are available to support such argu-
ments, besides, the role of Fe self-diffusion is also not
yet clearly established. Apart from it, on the basis of
this assumption, it is expected that X with the highest
affinity for N and the smallest ∆H should be an ideal
choice. However, numerous studies that were made us-
ing various dopants gives a diverse picture on their role in
affecting the structure, magnetic properties and thermal
stability that makes the choice of dopants rather arbi-
trary.15,25,27,33,35,37 In some studies, it was observed that
doping of Al or Ta improves the soft magnetic proper-
ties. Even so, thermal stability is found to get better
with Al addition as compared to Ta.37,46 It was claimed
that large atomic size of Ta results in a lower diffusion
barrier for the interstitial nitrogen. On the contrary,
Chechenin et al. found that nitrogen desorption get re-
duced by addition of Zr, although the atomic size of Zr
and Ta is almost equal.25 Similarly, addition of Ti have
found to affect various magnetic properties and signifi-
cantly enhance the thermal stability of Fe-N thin films,
even through its atomic size is larger than Fe.15,47
Above scenario suggests that beside the thermody-
namic parameters ∆H and f , atomic size of X may play
a decisive role in improving the thermal stability of Fe-N
thin films. Table I compares these parameters for the
dopants mostly used in Fe-X-N thin films.45,48–50 From
table I, it can be seen that Zr and Al are on extreme ends
with reference to their affinity and atomic size. Although
2their heat of nitride formation is somewhat similar, still
significantly lower as compared to magnetic Fe-N. There-
fore, it will be interesting to compare the effect of Al and
Zr doping on thermal stability and atomic diffusion. To
the best of our knowledge this is a first study correlating
the effect of nitrogen and iron self-diffusion and thermal
stability in Fe-N thin films. To obtain a conclusive pic-
ture, N self-diffusion measurements were also performed
on Ti doped sample, as Ti doping has also been exten-
sively used in literature.44,47,51
TABLE I. Atomic radius (r), heat of formation (∆H) and
affinity (f) of X-N with respect to Fe-N.
Element r(pm) ∆H (kJ mol−1) f
Zr 206 -360 -0.63
Ti 176 -338 -0.53
Ta 200 -237 -0.032
Al 118 -321 -0.028
Fe 146 -10 –
II. EXPERIMENTAL
Fe-X-N thin film samples with X = Al, Ti or Zr,
were deposited using a dc-magnetron sputtering tech-
nique simultaneously on Si(100) and float glass substrates
at room temperature. Pure Fe, [Fe+Al], [Fe+Ti] and
[Fe+Zr] composite targets were sputtered using a mix-
ture of N2 (1.5 sccm) and Ar(8.5 sccm) gases. To get
the desired composition of Al, Ti and Zr, relative cover-
age of Al, Ti or Zr on Fe target was varied taking into
account their relative sputter yields. Composition of de-
posited samples was measured using energy dispersive
X-ray analysis and secondary neutral mass spectroscopy
and comes out to be 5.6(±1.2)at.% for Al , 4.1(±1.4)at.%
for Ti, and 3.2(±1.3)at.% for Zr. The composition of
nitrogen was measured with secondary ion mass spec-
troscopy using a reference sample of known composi-
tion and comes out to be ∼11at.%(±1) in all the sam-
ples. This was also confirmed using conversion electron
Mo¨ssbauer spectroscopy in the un-doped sample. A base
pressure of about 1 × 10−7mbar was achieved prior to
the deposition. During the deposition, partial pressure
in the chamber was about 4 × 10−3mbar. More details
about the deposition system are given elsewhere.14,24
Multilayer samples with nominal structure:
substrate|[natFe-X-N(6 nm)|57Fe-X-N(6 nm)]×10 and
substrate|[Fe-X-natN(9 nm)|Fe-X-15N(9 nm)]×25 were
prepared for Fe and N self-diffusion measurements using
neutron reflectivity, with X = 0, Al, Ti, and Zr. Here
‘nat’ is indicates isotopes of Fe and N obtained in
natural abundance. Isotope enrichment of 57Fe layers
exceeds to about 95%, and that of 15N is about 98%.
For N diffusion measurements with secondary ion mass
spectroscopy a special trilayer structure: substrate|[Fe-
X-natN(110 nm)|Fe-X-15N(2 nm)|Fe-X-natN(110nm)],
with X = 0, Al, Zr was deposited. Such structure is ex-
pected to give a peak when looking at 15N depth profile.
For Fe diffusion measurements with nuclear resonance re-
flectivity, substrate|[natFe-N(2.2 nm)|57Fe-N(2.2 nm)]×10
and substrate|[natFe-Al-N(2 nm)|57Fe-Al-N(2 nm)]×10
samples were deposited. All samples were deposited
using identical deposition condition. Samples with X=
0, Al, Zr and Ti are named as Fe-N, Fe-Al-N, Fe-Zr-N,
Fe-Ti-N, respectively through out this work.
Structural characterization was done using X-ray
diffraction (XRD) on a Bruker D8 Advance X-ray diffrac-
tometer with Cu Kα X-ray source in θ − 2θ geometry.
Magnetic properties were studied using Quantum Design
superconducting quantum interference device-vibrating
sample magnetometer (S-VSM) and conversion electron
Mo¨ssbauer spectroscopy (CEMS). Self-diffusion measure-
ments of Fe was performed using polarized neutron reflec-
tivity (PNR) and nuclear resonance reflectivity (NRR).
For N self-diffusion measurements PNR and secondary
ion mass spectrometry (SIMS) techniques were used. The
PNR measurements were carried out on AMOR reflec-
tometer at SINQ, PSI Switzerland. A magnetic field
of about 400kA/m was applied to saturate the samples
magnetically. For diffusion measurements only spin up
reflectivity were used. The NRR measurements were per-
formed using 14.4 keV radiation at P01 beamline, PE-
TRA III, DESY, Germany. SIMS measurements were
performed on a Hiden Analytical SIMS Workstation. A
base pressure of 8×10−10mbar was achieved in the SIMS
chamber. A beam of O+2 primary ions (energy 5 keV
and current 400 nA) was used to sputter samples. Dur-
ing measurements pressure in the chamber was about
8×10−8mbar. To investigate the thermal stability and
to measure self-diffusivity ex− situ annealing of samples
was performed in a separate vacuum chamber.
III. RESULTS
A. X-ray diffraction
Fig. 1 (a)-(c) shows the XRD patterns of Fe-N, Fe-
Al-N and Fe-Zr-N samples in the as-deposited state and
after annealing at various temperatures. XRD patterns
taken at selective temperatures are shown in the figure.
Form fig. 1(a) it can be seen that in the as-deposited
state distinct broad peaks corresponding to bcc α-Fe(N)
and α′′−Fe16N2 phase are appearing.52 It is known that
in these phases nitrogen atoms are occupied within the
interstitial sites of Fe lattice in random and ordered fash-
ion, respectively.13 With annealing up to 450K peak in-
tensity increases and the width reduces indicating an en-
hancement in nitrogen ordering. Above this temperature
α′′ phase almost disappears. With further annealing, in-
tensity of the peak corresponding to γ′-Fe4N rises imply-
ing the growth of γ′ phase. On contrary to this, the be-
havior of Fe-Al-N and Fe-Zr-N samples is different. From
fig. 1(b-c) it can be seen that in the as-deposited state,
only peaks corresponding to α-Fe(N) phase are observed.
Annealing of the samples up to 500K shows no change in
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FIG. 1. (color online) XRD patterns of Fe-N(a), Fe-Al-N(b) and Fe-Zr-N(c) samples in the as-deposited state and after annealing
at various temperatures. For better comparison scales are vertically translated. Variation of lattice constant with annealing
temperature for Fe-Al-N and Fe-Zr-N samples(d).
the XRD pattern. Moreover, no extra peaks correspond-
ing to any other phases can be seen even after 625K.
This indicates that thermal stability of the films gets sig-
nificantly improved with doping. From (110) reflection,
average crystallite size in the samples was calculated us-
ing Scherrer formula53 and found to be 15 nm and 9nm
for Fe-Al-N and Fe-Zr-N samples, respectively. Moreover,
lattice constant (a) of doped samples in the as-deposited
state is compared with un-doped samples. It was ob-
served that with Al doping average volume of Fe unit cell
get reduced to about 0.5%, whereas, in case of Zr it get
increased by about 2%. This results can be attributed
to the varied atomic size of Al and Zr with respect to
Fe. For doped samples it can be seen that the peak posi-
tion corresponding to the (110) reflection shifts to higher
2θ above 500K. Fig. 1(d) shows variation of the lattice
constant with annealing temperature for Fe-Al-N and Fe-
Zr-N samples. Up to 575K ‘a’ remains almost constant
with Al doping, while it shows a marginal increase above
400K and a steep decrease above 575K. Whereas with
Zr doping steep decrease in ‘a’ starts already at 500K.
It signifies that Al doping results in relatively superior
structural stability.
B. Magnetic measurements
From the XRD results discussed in section IIIA, it was
found that the as-deposited state of Fe-N thin film com-
prises of α-Fe(N) and α′′−Fe16N2 phases and in Fe-Al-N
and Fe-Zr-N samples, only α-Fe(N) phase is observed.
To investigate the implication of different structure on
the magnetic properties, we did M-H (magnetization-
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FIG. 2. (color online) M-H loops of as-deposited Fe-N(a), Fe-
Al-N(b) and Fe-Zr-N(c) thin films. Inset of figure shows a
blown up region near the coercive field. Arrows in (b,c) show
direction of applied magnetic field during M-H measurements.
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FIG. 3. (color online) Spin-up reflectivity patterns of as-
deposited Sub.|[Fe-N(6.53 nm)|57Fe-N(6.53 nm)]×10, Sub.|[Fe-
Al-N(6.55 nm)|57Fe-Al-N(6.55 nm)]×10, and Sub.|[Fe-Zr-
N(6.15 nm)|57Fe-Zr-N(6.15 nm)]×10 thin films. Patterns are
vertically translated for clarity.
4applied magnetic field) measurements. Fig. 2(a-c) shows
M-H loops of the as-deposited samples. The inset in fig-
ures shows a blown up region near the coercive field. A
typical ‘transcritical shape′ of the M-H loop (fig. 2(a))
for un-doped sample suggests that the film exhibits
perpendicular magnetic anisotropy (PMA). Recently, Ji
et al. have reported similar type M-H loops for epitax-
ial α′′−Fe16N2 thin films.52 Here, it was claimed that
observed magnetic anisotropy originates due to mag-
neto crystalline anisotropy in the system, which origi-
nates due to tetragonal distortion of bcc Fe lattice as
N atoms occupy interstitial positions. Magneto crys-
talline anisotropy constant (Ku) can be calculated using:
Ku = Hk ×Ms/2 ;52 where Ms is saturation magnetiza-
tion and Hk is anisotropy field which has a value close to
Hs saturation field as indicated in the fig 2(a). We ob-
tain Ku= 5.4×105 Jm−3, which is close to the reported
value.52 Additionally, obtained values of coercivity (HC)
= 10 kA/m and saturation magnetization (4piMS) =
1.6T. Apart from this, the ratio of remanence magne-
tization and MS was found to be 0.4, indicating PMA.
For the Fe-Al-N and Fe-Zr-N samples, M-H loops are
square shaped with a very small value of HC(∼1A/m),
indicating formation of a soft magnetic phase. For Fe-Al-
N and Fe-Zr-N samples the value of 4piMS is 1.46T and
1.39T, respectively, which are smaller than Fe-N, due to
doping of non-magnetic elements. Further, in the doped
samples, an open region near the saturation field can be
seen (as shown in the inset of the fig. 2(b,c)) indicat-
ing presence of some hard magnetic phase. Existence of
hard magnetic phase in the samples was later confirmed
by Mo¨ssbauer spectroscopy measurements which are pre-
sented in section III C.
Apart fromM-H measurements we have also performed
PNR measurements on these samples. It is known that
for magnetic thin films, PNR is a unique technique to
measure the magnetic moment very precisely irrespective
of sample dimension. The difference between the critical
edges of spin-up (fig. 3) and spin-down (not shown) re-
flectivites provide information about magnetic moment
as samples were magnetically saturated.54 Here observed
Bragg peak is due to bilayer periodicity of 57Fe/natFe
having different neutron scattering length contrast. To
obtain information about the bilayer thickness and mag-
netic moment in the samples the data are fitted us-
ing SimulReflc software.55 For Fe-N, Fe-Al-N and Fe-Zr-
N samples bilayer thickness are 13.06nm, 13.1 nm, and
12.3 nm, and value of the magnetic moment is 1.8µB,
1.7µB, and 1.65µB, respectively. These values of mag-
netic moment are in agreement with those obtained from
S-VSM measurements.
C. Conversion electron Mo¨ssbauer spectroscopy
Mo¨ssbauer spectroscopy is a versatile technique to
probe the local structure around a resonant nuclei. From
our XRD results, discussed in the section IIIA, it was
-8 -4 0 4 8-8 -4 0 4 8 -8 -4 0 4 8
 
 
 
 Exp.
 Fit
 -Fe
 
  
(a) (b) (c)
As-deposited
425K
625K
As-deposited
 Exp.
 Fit
 
 
 
 
 
  
  
  
 
R
el
at
iv
e 
In
te
ns
ity
(a
rb
. u
ni
t)
  425K
625K
  
Velocity(mm/s)
 -Fe
 
  
FIG. 4. (color online) CEMS spectra of Fe-N(a), Fe-Al-N(b),
and Fe-Zr-N(c) thin films in the as-deposited state and after
annealing at various temperatures.
observed that in the as-deposited state Fe-N films have
mixed α′′−Fe16N2 and α-Fe(N) phases. Whereas in Al
or Zr doped samples, only α-Fe(N) phase can be seen.
Using Mo¨ssbauer spectroscopy relative volume fraction
of the different Fe-N phases can be obtained. Fig. 4(a-
c) shows selective CEMS spectra of Fe-N(a) Fe-Al-N(b)
and Fe-Zr-N(c) thin films in the as-deposited state and
after annealing at 425K and 625K. We fitted the ob-
served CEMS spectra using NORMOS SITE and DIST
programs.56
CEMS spectrum of the as-deposited Fe-N sample can
only be fitted assuming four sextet. Three of them corre-
sponding to α′′−Fe16N2 phase (hyperfine field = 39T,
31.6T, and 28.5T) and remaining to α-Fe (hyperfine
field=33T), the obtained fitting parameters correlates-
well with previously reported values.57 Additionally, area
of the fitted sextets can be used to calculate the relative
concentration of these phases, which are tabulated in the
table II. As can be seen, after annealing at 425K the val-
ues are almost similar to as-deposited sample, but at a
higher annealing temperature of 500K (not shown) and
625K, α′′−Fe16N2 phase disappears and γ′phase starts
to grow. Observed CEMS results for the Fe-N sample
correlate well with our XRD results. Moreover, from the
relative area under γ′ and α-Fe phase above 500K, N
concentration can be estimated16 which comes out to be
(11±2)at.% which is in agreement with our SIMS mea-
surements.
In comparison to Fe-N, CEMS spectra of doped sam-
ples are completely different and remains almost similar
to the as-deposited samples even after annealing at 625K,
as expected from XRD results. Besides, it was found that
CEMS spectra of Fe-Al-N and Fe-Zr-N samples can only
be fitted assuming two components - one corresponding
to α-Fe phase with hyperfine field about 33T and other
with a reduced hyperfine field. As our magnetization
measurements on doped samples show presence of a hard
5TABLE II. Volume fraction of various Fe-N phases obtained from fitting CEMS spectra. Here ‘H’ stands for a hard magnetic
phase.
Temperature Fe-N FeAlN FeZrN
As-deposited 59% (α′′−Fe16N2) + 41% (α-Fe) 89% (α-Fe) + 11% (H) 86% (α-Fe) + 14% (H)
425K 60% (α′′−Fe16N2) + 40% (α-Fe) 90% (α-Fe) + 10% (H) 86% (α-Fe) + 14% (H)
625K 48% (γ′) + 52% (α-Fe) 88% (α-Fe) + 12% (H) 88% (α-Fe) + 12% (H)
magnetic phase, the phase formed with reduced hyper-
fine field may be attributed to it. The values of hyperfine
field for such hard phase are 23T for Fe-Al-N and 27T
for Fe-Zr-N samples.
It may be noted that our XRD, magnetization and
CEMS measurements present a comprehensive informa-
tion about the structural and magnetic properties of sam-
ples in the as-deposited state and after annealing at dif-
ferent temperatures. While un-doped sample undergoes
phase formation upon annealing, both local and long
range stability seems to get significantly improved with
Al and Zr doping. However, thermal stability seems to
be better with Al than with Zr. In order to understand
the mechanism leading to thermal stability, we performed
self-diffusion measurements of Fe and N in our samples,
which will be discussed in the next section.
D. Self-diffusion measurements
In this section we present self-diffusion measurements
performed using PNR, SIMS and NRR. It is known
that these techniques are the only methods to probe
self-diffusion in stable isotopes. While reflectivity tech-
niques (PNR and NRR) offer an excellent depth reso-
lution of about 0.1 nm,24,58–60 the information obtained
from these techniques is ‘indirect’ as they are based on x-
ray/neutron scattering. SIMS on the other hand provides
depth profile of isotopes giving a ‘direct’ information of
diffusivity. Although depth resolution of SIMS is about
5 nm, a comparison of reflectivity and SIMS provides re-
liable information about self-diffusion. In this work we
measured Fe self-diffusion using PNR and NRR and N
self-diffusion using PNR and SIMS. Complementarities
of different techniques was used to get precise informa-
tion of Fe and N self-diffusion.
Fig. 5 shows PNR patterns of Fe-N(a1,a2), Fe-Al-
N(b1,b2), Fe-Zr-N(c1,c2) and Fe-Ti-N(d1,d2) samples in
the as-deposited state and after annealing at various
temperatures. In fig.(a1-d1) and fig.(a2-d2) a Bragg
peak originating due to scattering length (bn) contrast
of 57Fe/natFe and 15N/natN, respectively. X-ray reflec-
tivity measurements (not shown) performed on these
samples do not show any Bragg peak due to lack of
contrast between isotopes. It confirmed that films are
chemically homogeneous. Since our samples are iron
rich and a large difference between the value of bn for
natFe(=9.45 fm) and 57Fe(=2.3 fm) exists, considerably
intense Bragg peak can be seen even with 10 repetition of
bilayers. However, for nitrogen, relatively smaller differ-
ence in bn for
natN(=9.36 fm) and 15N(=6.3 fm) and low
nitrogen concentration (∼11 at.%), makes it very difficult
to measure nitrogen diffusion. Probably this is the rea-
son that nitrogen self-diffusion has not yet been reported
for magnetic Fe-X-N thin films. In order to get the ap-
preciable intensity of Bragg peak, we increased bilayer
thickness and the number of repetitions. From fitting of
the PNR data55 measured bilayer period for un-doped
and Al, Zr or Ti doped samples are 18.8 nm, 18.4 nm,
17.6 nm, and 17.2 nm, respectively. From fig. 5(a2-d2) it
can be seen, a Bragg peak of appreciable intensity due to
15N/natN contrast can be clearly observed. Although its
intensity is considerably low (as compared to 57Fe/natFe),
as expected.
To study self-diffusion, samples were annealed in a
vacuum furnace at different temperatures for 1 hour at
each temperature. For 57Fe/natFe samples, we find that
the intensity of the peak does not change with anneal-
ing (fig.5(a1-d1)) indicating that up to a temperature of
475K self-diffusion of iron is negligible. On the other
hand, in 15N/natN samples, noticeable nitrogen diffusion
can be seen even at a temperature of 375K, and at 425K
nitrogen gets almost completely diffused in all but Al
doped samples as shown in fig. 5(a2-d2). Incidentally,
we measured un-doped and Al doped samples kept at
room temperature just after deposition and after about
about one year (355 days). Inset of fig. 5 compares PNR
patterns of Fe-N(a2) and Fe-Al-N(b2) samples taken im-
mediately after deposition and after 355 days kept at
room temperature. It can be seen that N diffusion sup-
presses with Al doping even at room temperature. This
is a clear indication that nitrogen self-diffusion gets re-
markably suppressed with Al doping. In contrast to this,
with Zr doping behavior of nitrogen diffusion is surpris-
ingly unusual, as Zr doping results in somewhat faster
nitrogen diffusion compared to un-doped Fe-N sample.
From the decay in the intensity of Bragg peak self-
diffusivity in the samples can be calculated using the fol-
lowing expression:24,58–60
ln
[
I(t)
I(0)
]
=
−8pi2Dt
d2
(1)
where I(0) is the intensity of the first order Bragg peak
at time t = 0 (before annealing), d is the bilayer thickness
and D is diffusivity. Obtained values of D for Fe-N and
Fe-Al-N samples kept at room temperature for about one
year comes out to be 2×10−25m2s−1 and 1×10−25m2s−1,
respectively. Information about diffusivity can also be
obtained from fitting of PNR data. Following the fitting
procedure as mentioned in section III B, obtained values
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FIG. 5. (color online) PNR patterns of Sub.|[Fe-X-N|57Fe-X-N]×10 for X = 0 (a1), Al (b1), Zr (c1), Ti (d1) and Sub.|[Fe-X-
N|Fe-X-15N]×25 for X = 0 (a2), Al (b2), Zr (c2), Ti (d2) in the as-deposited state and after annealing at various temperatures.
Inset of (a2,b2) compares PNR patterns of Fe-N and Fe-Al-N samples taken just after deposition and measured after one year.
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FIG. 6. (color online) Self-diffusivity of nitrogen obtained
from PNR(a) and SIMS(b) measurements, solid lines are
guide to eye. Typical error bars in the measurements are
about the size of scatters.
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FIG. 7. (color online) 15N SIMS depth profile of Sub.|[Fe-X-
N(110 nm)|Fe-X-15N(2 nm)|Fe-X-N(110nm)] trilayer samples
with X= 0(a), Al(b), and Zr(c) in the as-deposited state and
after annealing at various temperatures.
of diffusion length are 3.5 nm and 2.5nm for Fe-N and Fe-
Al-N samples, respectively which are in close agreement
with values obtained using eq. 1. It shows that using
PNR we can measure diffusivity precisely down to 1 ×
10−25m2s−1. Such small values of diffusivity are probably
the lowest values ever measured. 61,62
Measured diffusivity at higher annealing temperature
gives a snapshot picture for a fixed annealing time,
obtained variation of D with temperature is shown
in Fig 6(a). As mentioned before, we also measured
nitrogen diffusion using SIMS and for this purpose
we prepared a special trilayer structure Si(Sub.)|[Fe-X-
natN(110 nm)|Fe-X-15N(2 nm)|Fe-X-natN(110 nm)], Such
structure is expected to give a peak when looking at 15N
depth profile. As samples are annealed broadening of this
peak provides information about nitrogen self-diffusion.
Applying thin films solution to Fick’s law, the tracer con-
centration of 15N with penetration depth(say x) can be
expressed as:63
c(x, t) =
const.
2
√
piDt
exp
(−x2
4Dt
)
(2)
Here t is annealing time and D is the diffusion coeffi-
cient. Fig 7 shows SIMS depth profile of Fe-N, Fe-Al-N
and Fe-Zr-N samples annealed at various temperatures.
Here again we find that as annealing temperature is in-
creased, broadening of 15N peak is more for Fe-N and
Fe-Zr-N samples as compared to Fe-Al-N sample. Fit-
ting SIMS profile with a Gaussian function according to
equation 2, yields D as:
D =
σ2t − σ20
2t
(3)
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FIG. 8. (color online) PNR patterns of Sub.|[Fe-N(9.4 nm)|Fe-
15N(9.4 nm)]×25(a) and Sub.|[Fe-Al-N(9.2 nm)|Fe-Al-
15N(9.2 nm)]×25(b) samples annealed at 368K for different
time period. Variation of Bragg peak intensity with the
annealing time for the above samples annealed at 415K(c).
Arrhenius behavior of nitrogen diffusion for the Fe-N and
Fe-Al-N samples(d).
Here σ is the standard deviation of the Gaussian depth
profile before annealing (t=0) and after an annealing time
of t. Obtained values of D are plotted in fig. 6(b). It may
be noted that the depth resolution of SIMS is relatively
poor (as compared to reflectivity). Therefore, absolute
values of diffusivity may differ slightly, still the behav-
ior of nitrogen diffusion is similar to that obtained with
PNR measurements. Since in Zr doped sample nitrogen
diffusion was so fast that it was not possible to measure
it with PNR, in SIMS measurements it can be clearly
seen that with Zr doping nitrogen diffusion become even
faster as compared to the un-doped sample. This is an
important result, for deciding effective dopant in Fe-X-N
thin films.
On the basis of above results, it can be clearly seen that
nitrogen self-diffusion gets reduced only with Al doping.
We therefore also performed PNR measurements with
isothermal annealing experiment in Fe-N and Fe-Al-N
samples at 368K, 398K and 413K for different anneal-
ing time. Fig. 8(a) and (b) shows PNR patterns of Fe-
N and Fe-Al-N samples annealed at 368K for different
times. Here intensity was multiplied by q4z to remove
decay due to Fresnel reflectivity. On comparing the re-
flectivity patterns, it can be clearly seen that in un-doped
sample significant N diffusion started even at 368K which
increases further with increasing annealing time and at-
tains a state of relaxation, whereas in Al doped sample
only marginal diffusion takes place. Fig. 8(c) compares
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FIG. 9. (color online) NRR patterns of Sub.|[Fe-
N(2.2 nm)|57Fe-N(2.2 nm)]×10 and Sub.|[Fe-Al-N(2nm)|
57Fe-
Al-15N(2 nm)]×10 samples in the as-deposited state and after
annealing at various temepratures(a), inset of figure shows ob-
tained values of self-diffusivity. Corresponding NFS patterns
of Fe-N (b) and Fe-Al-N(c) samples.
variation of intensity at Bragg peak with time for the
Fe-N and Fe-Al-N samples annealed at 413K. It can be
seen that intensity decays exponentially with annealing
time. After fitting the data using: I(t) = I(0)exp(−t/τ),
it was observed that relaxation time (τrelax) for nitrogen
diffusion increases by more than an order of magnitude
with Al doping. Such increase in τrelax provides further
insight about involved diffusion mechanism, which is dis-
cussed in section IV.
It is well known that, in the relaxed state, diffusivi-
ties follows Arrhenius-type behavior given by:64 DR =
D0exp(−E/kBT ), with DR is diffusivity in relaxed state
and D0 is the pre-exponential factor, E is activation en-
ergy, T is annealing temperature and kB is Boltzman
constant. Fig. 8(d) shows Arrhenius type behavior of N
self-diffusion in Fe-N and Fe-Al-N thin films. A straight
line fit to the data gives value of ln(D0) and E. For
Fe-N and Fe-Al-N samples values of (ln(D0) and E) are
(-37.39±1, 0.4 eV±0.05) and (-43.42±1, 0.25 eV±0.02),
respectively. It can be seen that both ln(D0) and E de-
crease with Al doping.
Comparing the value of N diffusivity (e.g. for un-doped
sample) with those reported in literature (for bulk iron
nitride), we find that our values are at least 3-4 orders of
magnitude smaller.65 As mentioned already, our samples
are at saturation N concentration, (∼11at.%), therefore
it is expected that a large fraction of interstitial sites
are filled with N atoms. Therefore, the probability of
obtaining neighboring vacant interstitial sites will get re-
duced.63
In order to get a complete picture about diffusion
in our samples, it was required that iron self-diffusion
should also be measured. From our neutron reflectiv-
8ity measurements, we find that there is no apprecia-
ble diffusion up to a temperature of 475K. In order to
get a snapshot of diffusion, it was required that bilayer
thickness (13 nm) should be decreased significantly. We
therefore deposited substrate|[natFe-X-N/|57Fe-X-N]×10
(X = 0, Al) samples with bilayer thickness of about 4 nm
under identical deposition conditions. In such samples
Bragg peak in neutron reflectivity pattern would occur
at qz=0.16 A˚
−1, which is too high to be measured with
neutrons due to limited flux. It is known that for 57Fe,
nuclear resonance reflectivity (NRR) is a very power-
ful technique to get precise information about the self-
diffusion.60 In addition when measured in time domain,
nuclear forward scattering (NFS) is Fourier transform of
energy domain reflectivity, that provides direct informa-
tion about the local magnetic structure of Fe.66,67
NRR measurements were performed at P01 beamline
of PETRA III both in time integral and time differen-
tial modes. For 57Fe the lifetime of the excited state
of nucleus is about 140ns, therefore 40 bunch mode of
PETRA III was used (pulse duration of about 176ns).
In time integral mode, both electronic (prompt with few
ns) and nuclear (delayed 40-140ns) reflectivities can be
measured simultaneously as they occur in different time
windows and their scattering amplitude is given by :
F = Felectronic + Fnuclear.
60,67
NRR measurements in time integral mode were car-
ried out in θ- 2θ mode and are shown in fig. 9(a). On
the other hand, NFS measurements were performed by
sitting at the Bragg peak position and delayed photons
were measured in time differential mode from 40ns to
150ns (within a bunch). The NFS spectra show quan-
tum beat pattern spread-over delayed time, which arises
due to interference between various hyperfine field acting
at the resonant nuclei.66
Following a similar approach as mentioned for neutron
reflectivity measurements, Fe self-diffusion was measured
by annealing the samples at different temperatures and
performing NRR measurements subsequently. Fig. 9(a)
shows NRR patterns of Fe-N and Fe-Al-N samples in the
as-deposited state and after annealing samples at differ-
ent temperatures. It can be seen that up to a temper-
ature of 473K, Fe diffusion is negligible (also seen from
PNR measurements fig. 5) in both samples. In un-dpoed
sample Fe diffusion is appreciable at 600K while at 773K
it diffuses completely. Whereas in Al doped sample, only
a marginal diffusion can be seen at 600K while at 773K
Bragg peak can still be seen. The inset of fig. 9(a) com-
pares Fe diffusivity obtained from the decay in intensities
of the Bragg peak using the equation 1. As expected, Fe
diffusivity suppress significantly with Al doping. In a re-
cent study Fe self-diffusion was measured in ion beam
sputtered Fe-N samples prepared using Al and Zr doping
and found Fe diffusion suppresses both with Al and Zr
doping.68
Corresponding NFS pattern obtained at the Bragg
peak position are given in fig. 9(b) and (c) for Fe-N and
Fe-Al-N samples, respectively. It can be seen that for
Fe-N sample somewhat complex NFS pattern arises due
to interference between different hyperfine field present in
the sample. Whereas in case of Fe-Al-N sample due to the
predominant presence of single hyperfine field NFS spec-
tra shows uniform quantum beats decaying with time.
Moreover, NFS spectra for Fe-N sample shows varia-
tion with annealing indicating different phase formation,
which are correlated with our XRD and CEMS results
discussed in section IIIA and III C. In case of Al doped
sample no appreciable change in the NFS pattern can be
observed, it suggests that the local magnetic structure
also gets stabilized with Al doping. These results are
consistent with our XRD and CEMS measurements.
IV. DISCUSSION
Combining results discussed above, a picture about the
diffusion mechanism and the influence of dopants on dif-
fusion can be drawn. We observed that Fe and N self-
diffusion takes place in different temperature regimes. Up
to a temperature of about 450K, N diffusion dominates
and Fe diffusion is negligible, only above 450K consider-
able Fe diffusion can be observed. Importantly, both the
structure and the magnetic properties remain almost un-
changed even when nitrogen diffuses completely. It indi-
cates that N diffusion has no significant role in the struc-
tural or magnetic changes in our samples. On the other
hand, variation in the structural and magnetic proper-
ties seems to be driven by Fe self-diffusion which starts
above 450K. However, dopants have clear intervention in
affecting self-diffusion of both Fe and N.
First, we will discuss the role of dopants on influencing
N self-diffusion. It is known that up to a concentration
of ∼11at.%, N atoms occupies interstitial sites within the
Fe lattice. Numerous studies on self-diffusion behavior of
light elements such as H, C, O, N etc. reveal that they
follow interstitial-type diffusion mechanism.69–72 In the
course of interstitial diffusion, N atoms try to find most
equilibrium interstitial site by crossing a saddle point bar-
rier. Moreover, interstitial diffusion is strongly affected
by pressure which alters available interstitial volume for
diffusing N atoms.73 In case of un-doped sample, due to
the absence of any impeding force, N diffusion leads to
its redistribution within the lattice. This redistribution
favors nitrogen ordering, as observed from the sharpen-
ing in the peak corresponding to α′′ phase in our XRD
results (fig 1). As mentioned in III A, with Al doping
lattice volume decreases by ∼0.5%. This will also de-
crease the available interstitial volume for the diffusing
N atoms. Therefore the probability for finding equilib-
rium interstitial sites may get reduced, which may result
in slower N diffusion or a larger relaxation time, as ob-
served with Al doping. On the contrary, lattice volume
with Zr doping increases by ∼2%. In this situation cre-
ation of extra equilibrium interstitial sites may occur,
accelerating the diffusion process of N atoms. Similarly,
enhanced diffusion with Ti doping can be understood.
9As pointed out earlier, thermal stability of Fe-X-N thin
films are significantly affected by self-diffusion of Fe. Our
results show that doping of Al has notably reduced the
self-diffusion of Fe. Although, we find that the structure
and the magnetic stability gets improved with both Al
as well as Zr doping. It indicates that the atomic size of
dopants does not matter in suppressing Fe self-diffusion.
It seems that the role of dopants on influencing the self-
diffusion of Fe is completely different from N diffusion.
Since ∆H for nitride formation of dopants is low, there is
a large probability that X-N layer may be formed in the
grain boundary region, as observed in some reports.47,74
This X-N layer may act as a diffusion barrier for Fe.75
Moreover, this barrier layer seems to have multiple ef-
fects as it not only suppresses Fe self-diffusion, it also
hinders grain growth, leading to improved soft magnetic
properties as observed in our samples with Al or Zr dop-
ing. The improvement in soft-magnetic properties of Fe-
N thin films with dopants was also found in previous
reports.44,46,51 Somewhat superior thermal stability with
Al doping can also be understood from the fact that only
with Al doping N diffusion suppresses.
V. CONCLUSION
In the present work we have studied the role of Fe and
N self-diffusion on influencing the structure, magnetic
properties and thermal stability of Fe-X-N thin films. It
was observed that with Al or Zr doping thermal stabil-
ity gets significantly improved. Additionally, magnetiza-
tion measurements revealed that soft-magnetic proper-
ties also gets improved with dopants. To understand the
observed effects, detailed Fe and N self-diffusion measure-
ments were performed. It was found that dopants have
clear intervention in affecting Fe and N self-diffusion,
however, the mechanism leading to the suppression of
Fe and N self-diffusion is different. In case of N self-
diffusion, atomic size of dopants plays a crucial role. It
was observed that N diffusion gets significantly reduced
when the atomic size of dopants is smaller than that of
Fe. A dopant with smaller size lead to compression in
the Fe lattice whereas lattice expansion takes place when
a larger (than Fe) dopant is used. Such lattice distor-
tion caused by dopants results in alteration of available
interstitial volume for diffusing N atoms. On the other
hand Fe self-diffusion gets suppressed with any dopants,
if their heat of formation is significantly smaller than that
of Fe-N. This happens due to the formation of a diffusion
barrier layer which not only suppresses self-diffusion of
Fe but also hinders the grain growth leading to improved
soft-magnetic properties. In addition it can be concluded
that N diffusion has less significant role (as compared to
Fe) in affecting the thermal instability in Fe-N thin films.
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